Abstract-This paper presents an integrated microfluidic system for selectively interrogating parallel biosensors at programmed time intervals. Specifically, the microfluidic system is used for delivering a volume of sample from a single source to a surface-based arrayed biosensor. In this case the biosensors were an array of electrochemical electrodes modified with sample specific capture probes. In addition, the sample was required to be captured, stored and removed for additional laboratory analysis. This was accomplished by a plastic laminate stack in which each thin laminate was patterned by CO2 laser ablation to form microchannels and two novel valves. The first valve was a normally closed type opened by heat via an electrically resistive wire. The second valve was a check type integrated into a removable storage chamber. This setup allows for remote and leave-behind sensing applications and also containment of sensed sample for further laboratory analysis.
. Schematic of fluidic network including the four parallel channels and normally closed and check valves for selecting and isolating a channel. INTRODUCTION Implementation of real-world biosensors sometimes requires arraying the sensors for various reasons. The ability to array sensors into a single platform gives the researcher and the engineer an increased flexibility and capability necessary to achieve design goals. Design goals for a sensor may include accuracy, sensitivity, extended detectible range of concentration, physical size, multiple analyte detection ability, low cost, and integration with pre-and post-sensing components 1 .
In single-sensing event applications redundant arrays may be used to improve accuracy or verify events. Due to the nature of sensing biological materials it may also be necessary to use multiple targets for the same analyte to increase selectivity, sensitivity, or extend the detector's working concentration range. The sensors can be operated either in simultaneous, timed sequential or triggered sequential modes. An example of sequential mode is that of using a renewable sensing surface to detect and "rough" event which then opens the pathway for the sample to be sensed by the one-time use sensors that are more specific and accurate. Simultaneous detection of multiple analytes may also extend the sensing platform's ability to detect many analytes. The desired analytes may be similar in nature or not. They may be detected using different means. For example, in surface sensing methods a selective capture probe is often used such as single-strand DNA, antibodies, antigens, or custom peptides. Finally, different sensors may also be integrated together into a single sensing platform 2 .
Whatever the reason arraying sensors, the researcher will often find it challenging to deliver the correct sample to the desired sensors at the appropriate time while leaving the remaining sensors untouched for later use. Fluidic delivery platforms of the macro, meso, micro, and nano scales are the focus of much research to make appropriate use of the many sensors available today. These fluidic delivery systems are critical to real-world sensing applications and often are implemented in the laboratory environment as well.
II. SENSOR PLATFORM
This sensor platform was based on a 4 × 3 array of electrochemical sensors. The microfluidic packaging required a single fluidic inlet from a pressurized sample source to be selectively diverted to one of four channels. After use, the channel was to be sealed from further use and prevent any contamination of remaining channels. Additionally, the detected sample was to be contained and stored separately for later forensic analysis. Fig. 1 shows an operating schematic of the four channel arrayed system.
A. Sensor Array
The arrayed sensors were configured in four parallel channels each containing three working electrodes and one reference electrode all from the same material. Previous versions of the electrochemical sensors were made from Au and ITO. The sensors in this application were atomically smooth pyrolyzed carbon. The counter electrode was made from platinum and shared among all electrodes in all four channels.
The electrode dimensions were defined The method for creating these pyrolyzed carbon electrodes is described here. The substrate was a 0.062 inch thick × 5 inch diameter fused silica wafer. Prior to processing, the wafer was laser scribed (CO 2 laser, 60 watt, 100% power, 3% speed, with air assist) to define the final dimensions (1 inch × 3 inch) of three identical sensor substrates. The wafer was cleaned in 1% HF for 5 minutes and then in a 15 minute 600 Watt O 2 plasma (PVA TEPLA). The wafer was spin coated with photoresist (AZ4330, AZ2020 nLOF, SU-8 2, or SU-8 2005). The final thickness was in the range of 2-3 micrometers. The pattern for the working and reference electrodes was defined using standard contact photolithographic techniques. The sample was rinsed in DI water until the effluent resistivity reached > 12 MΩ-cm and dried at 180 °C for 30 minutes.
The sample was then pyrolyzed in a vacuum oven. The furnace chamber was evacuated to less than 10 Torr and refilled with forming gas (5% H2, 95% N2) repeated two more times to remove any oxidizing gas. The forming gas was then flowed through the chamber at 100 -200 sccm during the pyrolysis process. The vertical chamber was 8 inches in diameter and 9 inches in height which at 200 sccm resulted in one volume exchange every 37 minutes. The furnace was ramped from room temperature to 1100 °C at a rate of 5 °C/min and then held at temperature for 60 minutes. The chamber was then allowed to cool naturally which usually took around 6 hours.
After pyrolysis the wafer was fractured along the scribe lines. This created three identical sensor arrays. The electrical connection to the contact pads was made with a card edge connector and ribbon cable. These configuration made possible easy swapping of sensors without the need for reconnecting the wiring each time. The pyrolyzed carbon wafer is shown in Fig. 2 top. In this figure is indicated the working electrodes and the reference electrode. The platinum counter electrode is located on the top part of the channel and is shown in Fig. 2 bottom. This figure shows the four channel test fixture for the electrodes.
B. Fluidic Platform
The fluidic packaging for the sensor was fabricated by laminating passive and functional laser-cut layers of polyethyleneterapthalate (PET) and polymethylmethacrylate (PMMA). The basic fluidic channel was made by cutting the channel pattern using a CO 2 laser ablation system (Model PLS 6.75 with a 60 watt sealed cartridge, Universal Laser Systems, Scottsdale, AZ) into a custom sheet of PET coated with acrylic adhesive (0.002 in. thick for the PET and ~0.001 in. thick for each adhesive; Fralock, Sunnyville, CA) on both sides forming the side walls and defining the channel's three dimensions. The thickness of the channel is defined by the thickness of the sheet plus adhesives. The top and bottom walls were formed from plain PET sheets (0.004 in. thick, Fralock). Into one or both of these plain PET sheets fluidic vias were cut to allow for access to external tubing or channels located above or below. Alignment of the layers was accomplished with registration holes and 1/8 inch diameter steel pins. The layers were pressed together between two flat, parallel steel plates.
Complex systems were formed by joining simple channels located on multiple layers and by functionalizing some of the non-adhesive layers. For this fixture, there were two novel valves implemented to open and close the individual channels. Referring to Figure 1 , the fluid enters the laminate package via an O-ring interface. The number 002 silicone O-ring is embedded in a 0.062 inch thick PMMA layer and accepts 1/16 inch diameter tubing. The fluid enters a fluidic header to the four individual channels. Each of the four channels is isolated with an integrated laminate-based thermally opened one-shot (TOAS) flap valve. Each TOAS valve is opened separately with an electrical current and head pressure from the buffer. After the sample is detected wash buffer is used to force the sample into a balloon storage chamber through an integrated check valve. Once the chamber reaches a pressure that exceeds that of the opening pressure for the TOAS valve the head pressure is reduced allowing the chamber to seal preventing sample from contaminating the adjacent chambers. The next channel could then be opened and used.
1) Thermal Opened One-shot (TAOS) Valve
This valve was a normally-closed type flap-valve made from the same laminates used to make the fluidic channel. It is similar to one by Guerin 3 . It consisted of two channels on different layers connected by a fluidic via closed by an adhesive coated flap. This valve required six laminates to fabricate and the cross-section view along the length of the channels with the valve is shown in Fig. 3 . The top figure shows a valve before opening. The layers are number 0 (bottom) to 5 (top). Layers 1 and 4 were channels laser ablated from ACA (adhesive -carrier -adhesive). Layer 3 contained the valve flap structure and was made from CA (carrier -adhesive). The adhesive adhered the flap closed to the via in layer 2.
Layer 2 was carrier with Ti/Pt (50/500 angstroms) patterned on the bottom side. The pattern for each valve was a circular band around the fluidic via with electrical leads to the edge. The metal was patterned by creating a stencil mask from electroplating tape adhered to the top side of the PET. A kiss cut was made with the CO 2 laser in the tape and for the fluidic via a through cut was made, both in the same step with different laser power/speed settings. The tape was removed inside the kiss cut region and the metal evaporated onto the plastic. The remaining tape was removed to reveal the patterned metal self-aligned to the fluidic via. The process is shown in Fig. 4 .
The valve was opened by applying a head pressure of approximately 1.0 psi to the inlet channel (lower left channel in both figures of Fig. 2 ) and then applying an electrical current to the heater band. This particular heater used a DC source of 1.6 watts for less than four seconds.
The valve operation was demonstrated with a three channel system, two before the valve and one after. Of the two before the vale one was an inlet and one channel was a valve bypass to fill the channel and then connected to a pressure transducer. The channel was filled with DI water dyed red and connected to pressure transducer. The pressure was increase to 1.0 psi and the power applied. The adhesive softened after time and the valve popped open as indicated in the lower photograph of Fig 5. One problem with the design is that of applying too much electrical power as it can melt the laminates and leak outside the channels. This problem can also lead to excessive temperature rise in the fluid and can cause boiling which may affect the sample and the laminate.
2) Integrated Check Valve and Storage Chamber
With a series of TAOS valves placed in parallel it is necessary to close an opened channel in order to open another channel. This was the more challenging of the two valves. The solution also found solved the problem of storing the detected sample on chip for later recovery and forensic analysis. The design was a flexible balloon with an integrated flap type check valve at the inlet which was located at the end of the sensor channel. With the sample captured in the chamber the channel was flushed with clean buffer to clear the remaining sample and to pressurize the capture chamber. The chamber was filled to approximately 15 psi at which time the applied pressure was released and the check valve sealed. Since the pressure was considerably greater than the opening pressure of 1.0 psi for the TAOS valve, another TAOS valve could be opened without continuing to fill the opened channels. The second channel is then filled to pressure slightly less than the first channel and so on until all channels are filled.
The capture chamber was fabricated using the same CO2 laser ablation and scribing process but this time in the material poly-ether-urethane (PEU). This valve and chamber required three layers of PEU. The bottom layer contained the inlet and bottom walls. The top layer formed the top wall of the chamber. The middle layer contained the flap valve. The layers were welded together using the same CO2 laser as for cutting. A cross-section of the three layers and the operation are shown in Fig. 6 .
The chambers were testing in a laminate package similar to that of the final four channel design with the exception of having four inlets and no TAOS valves. The chambers were individually filled with DI water dyed red. Photographs of the four parallel chambers before attachment to the fluidic test channels (top), after filling in the test package (middle), and after removal from the test package (bottom) are shown in Fig. 7 . The top image shows the four parallel chambers being held by a set of tweezers. The size of the four chambers was approximately 1.5 inches by 2 inches. The thickness was less than 0.050 inches before filling. After filling, the thickness was approximately 0.25 inches. The middle photo shows the four channels each filled with fluid. In this figure, the inlet to Channel C failed to form a seal with the test laminate structure and failed to fill completely before leaking. Because of the self-tackiness of PEU, the check valve required a pressure to open of approximately 10-15 psi. To reduce this, lines were laser etched into the contacting surface of the layers to reduce the area over which the self adhesion occurred. However, at the location of the check valve these lines also prevented optimal sealing of the inlet port which would indicate an optimization (this was not performed). After the chambers were filled they were removed from the plastic laminate to demonstrate the operation of the check valves. In the bottom photograph it is apparent the check valve in Channel A failed while the other two channels successfully sealed. It is thought the valve failed due to mechanical deformation during removal and not due to the lack of sealing initially after filling as the channel did not leak after removal of the inlet tubing.
III. CONCLUSION
Arrayed sensors are critical to real world sensing applications and in particular to biological targets. Parallel channel fluidic platforms help solve problems in which specific sensors or sensors areas are required to be isolated and then exposed to sample at a desired time. However, in order to maintain advantages gained by using microfluidic channels, valving of the same scale must also be utilized. Plastic laminates are suitable for both the microfluidic channels and the integrated valves necessary to meet many arrayed biosensor packaging goals. The TOAS valve and flexible storage chamber with integrated check valve are two examples of just such unique solutions. The combination of these two valves allowed for parallel channels to be isolated and opened sequentially while storing the sample without expected cross contamination.
